Subcooled cryogenic fluids are used in many fields such as a propellant for liquid propulsion rocket systems and a coolant for superconducting systems. However, the fundamental characteristics of subcooled cryogenic cavitating flows have not been clarified. Therefore, a visualization experiment for a cryogenic cavitating flow passing through a converging-diverging nozzle was carried out with liquid nitrogen in the subcooled condition. The results indicate that the cavitation instability is caused by the intersection of the speed of sound in a gas-liquid two-phase flow with the required velocity for cavitation inception and cavitation conservation.
Introduction
The use of a subcooled propellant is a method used to improve the performance of a liquid propulsion rocket system (1) (2) . The subcooled condition refers to a condition where the fluid temperature is reduced to less than the normal boiling point under atmospheric pressure. The subcooled condition of cryogenic fluids including liquid hydrogen and liquid oxygen generally have some advantages, such as an increase in liquid density and a reduction in saturated vapor pressure. The increase in liquid density reduces the launch weight of a rocket by scaling down the propellant tank size. The reduction in saturated vapor pressure suppresses cavitation formation. As a result, Lak et al. estimated a 17 % reduction of the total launch weight for a reusable rocket system. However, cavitation can still occur in the subcooled state, although it is rare. Moreover, there is a possibility that cavitation could grow drastically because of the attenuation of the thermodynamic effect that suppresses bubble growth. In addition, thermophysical properties of cryogenic fluids drastically vary as the fluid temperature is reduced. However, cavitating flows in subcooled cryogenic fluids have not yet been clarified although cavitating flows in cryogenic fluids have been investigated by several researchers (3)(4) experimentally and
numerically. An experiment of cavitating flows in subcooled liquid nitrogen was carried out by Niiyama et al. (5) to clarify the fundamental characteristics of cavitating nozzle flows in subcooled liquid nitrogen. The results indicated that cavitation cannot keep occurring stably in the subcooled condition and that strong peaked pressure fluctuations occur with each cavitation occurrence. Although the instability is believed to be caused by the depression of the speed of sound in a gas-liquid two-phase flow, the elucidation of the instability mechanism of cavitating flows in subcooled cryogenic fluids has not yet been satisfied.
Therefore, a cavitating flow experiment is conducted for liquid nitrogen in the subcooled state for fluid temperatures ranging between 69 K and 77 K in order to clarify the cavitation instability mechanism.
Experimental System and the Methodology
A schematic illustration of the experimental system is shown in Fig. 1 and that of the visualization nozzle is shown in Fig. 2 . Fig. 1 The schematic illustration of the experimental system: 1) supply tank, 2) turbine flow meter, 3) visualization section, 4) buffer tank, 5) vacuum pump, 6) copper radiation shield, 7) bypass line, 8) vacuum insulation chamber, 9) high speed video camera, 10) measuring computer The experimental apparatus consists of three main sections: a supply tank, a buffer tank and a visualization section. Both tanks and all of the plumbing are installed in a vacuum insulation chamber and are sheathed by double copper radiation shields kept at 77 K, which is the normal boiling point of liquid nitrogen. A convergent-divergent nozzle is installed in the visualization section, which is made of vitreous silica in order to clearly observe the flow in the cryogenic environment.
The fluid temperature is configured by depressurizing each tank that has been filled with liquid nitrogen to seize the evaporative latent heat.
Liquid nitrogen pressurized by an external gas nitrogen canister runs out from the supply tank to the buffer tank through the visualization section. A bubble cloud of cavitation occurs at the nozzle throat and its behavior is captured by a high speed video camera. The static pressure and the fluid temperature are measured at five points: the supply tank, the buffer tank, upstream of a volumetric flow meter, and upstream and downstream of the nozzle. A volumetric flow rate is measured by a turbine flow meter installed upstream of the nozzle. A piezoelectric pressure sensor is installed both upstream and downstream of the nozzle to clarify the pressure fluctuation and a turbine flow meter is installed upstream of the nozzle.
Results and Discussion

Classification of the cavitation instability in subcooled liquid nitrogen
The distribution of cavitation behaviors for different fluid temperatures and volumetric flow rates is shown in Fig. 3 The cavitation behavior is classified to three types, as shown in Fig. 3 . The first type is a continuous cavitation, which appears stably at the nozzle throat. This type is observed when the temperature is above 76 K. The bubble cloud perpetually oscillates but does not disappear unless the flow condition is purposely reduced. The second type is an intermittent cavitation, which is unstable and disappears after several tens of milliseconds. This type is observed when the temperature is below 73 K. A pulsed pressure oscillation is observed with each occurrence of this cavitation type. The third type is an intermediate cavitation, which exhibits a behavior that is a combination of the continuous cavitation behavior and the intermittent cavitation behavior. This type is observed in the temperature range between 73 K and 76 K. Once cavitation occurs, the bubble cloud acts similarly to a continuous cavitation for several hundreds of milliseconds or more. However, the bubble cloud disappears suddenly without precursor as an intermittent cavitation. Moreover, a strong pulsed pressure oscillation occurs with the occurrence of this cavitation type. Figs. 4 , 5, and 6, respectively. The occurrence and the disappearance of cavitation are confirmed by a digital video camera and a high speed video camera. Here, cavitation number σ is calculated by Eq. 1 at a time before the cavitation occurrence. P upstream denotes the static pressure upstream of the nozzle, P saturated denotes saturated vapor pressure in the fluid temperature, ρ liquid denotes liquid density, and V throat denotes the flow velocity at the nozzle throat. (1)
For continuous cavitation, the upstream static pressure increases steadily when cavitation occurs. After that, the upstream static pressure tends toward a stable value in the cavitating flow. Moreover, the volumetric flow rate decreases steadily with an increase in the upstream static pressure and tends toward a stable value in the cavitating flow. The stable value of the upstream static pressure can be controlled by the volumetric flow rate for any condition, both with and without cavitation, though the loss coefficient of the nozzle in a cavitating flow is about twice as large as that in a liquid single-phase flow. For the intermediate cavitation type, the upstream static pressure increases exponentially with the occurrence of a cavitation. After that, the upstream static pressure decreases and tends toward a stable value in the cavitating flow. In addition, the volumetric flow rate reaches a peaked value exponentially and closes in on a stable value. The stable value of the upstream static pressure exhibits almost the same tendency toward the volumetric flow rate compared with the continuous cavitation type. After that, the static pressure in the upstream decreases and the volumetric flow rate increases as the cavitation disappears. The peak amplitude of the static pressure seems to be the largest for this cavitation type. For the intermittent cavitation type, cavitation disappears after several tens of milliseconds after an occurrence and the upstream static pressure increases and decreases in synchronization with the cavitation occurrence and disappearance, respectively. The volumetric flow rate also decreases and increases drastically with the cavitation behavior. However, the peak value of the upstream static pressure and the volumetric flow rate are not observed in some cases even if cavitation occurs. It is believed that the duration of the cavitation is too short for the static pressure sensor with a long gas tube and the turbine flow meter to respond to the fluctuations. It can be considered that the fluctuations of the static pressure and the volumetric flow rate are induced by the cavitation behavior, and the peak value of the upstream static pressure reaches a maximum in the temperature range between 73 K and 76 K. Although the cavitation numbers in Figs. 4, 5, and 6 differ from each other, the occurrence conditions for each cavitation behavior are considered not to depend on the cavitation number in these experiments because of the distribution shown in Fig. 3 . The behaviors of cavitation and the aspects of bubble cloud are described in the past research (5) in detail.
Characteristics of the pressure fluctuation induced by cavitation
The pressure fluctuation both upstream and downstream of the visualization nozzle is measured by a flush-mounted piezoelectric pressure sensor in order to provide a detailed account of the pressure fluctuation induced by cavitation. The upstream pressure fluctuation is shown in Fig. 7(a) and the downstream pressure fluctuation is shown in Fig. 8 (a). For the low frequency component, the time evolution of the upstream pressure fluctuation is similar to that of the static pressure shown in Fig. 5 . The low frequency component of the downstream pressure fluctuation seems to hardly vary or slightly decrease with an increase in the upstream static pressure. The static pressure is measured using a long tube filled with nitrogen gas to prevent thermal conduction from the ambient environment to the experimental fluid. Therefore, it is assumed that a high frequency component of the pressure oscillation is suppressed in the static pressure sensor because a gas tube acts as a suppressor.
The amplitudes of the middle frequency component of the pressure oscillation in both upstream and downstream are 10 kPa. The upstream frequency of the pressure oscillation is 540 Hz and the downstream frequency is 640 Hz. It seems that these pressure oscillations are affected by the cavitation behavior including the stretch and the detachment of the bubble cloud. Figure 9 shows the behavior of the bubble cloud at the center of the visualization nozzle in the same experiment shown in Figs. 5, 7, and 8.
Cavitation occurs at 0.0 s. It is observed that the behavior of the bubble cloud repeats generation, growth, detachment from the wall of the nozzle throat, and then the total length of the bubble cloud finely oscillates. The frequency of these cavitation behaviors is about 680 Hz. Because this frequency is similar to the frequency measured by the turbine flow meter on this experiment, the cavitation behaviors seem to be affected by the rotation of the turbine flow meter. However, the amplitude of the pressure oscillation in this frequency range increases with a cavitation occurrence and decreases with a cavitation disappearance. Therefore, it can be assumed that the middle frequency component of the pressure oscillation is amplified by cavitation behaviors.
The high frequency component of the pressure oscillation is considered to be a cluster of shock waves induced by bubble collapses. Hamilton et al. (6) reported that the power spectrum of a pressure oscillation induced by bubble collapses has a frequency characteristic proportional to f -2 over a certain cutoff frequency. The power spectrums of the pressure oscillation in the upstream and downstream are shown in Fig. 10(a) and (b), respectively. Fig. 10(a) . Moreover, the high and middle frequency components of the pressure oscillation in the upstream shown in Fig. 7 become strong momentarily in some cases when the bubble cloud detaches from the nozzle throat but remains downstream at the nozzle throat. After that, the pressure fluctuations decay with the disappearance of the bubble cloud downstream of the nozzle throat. These pressure propagation characteristics are believed to be induced by choking at the nozzle throat. The depression of the speed of sound with an increase in the void fraction is well known in the gas-liquid two-phase flow of water. In addition, choking flow in water induced by a bubble cloud passing through a nozzle throat has been thoroughly studied. Equation 2 proposed by Brennen (7) is adopted for these analyses because the equation takes into account the gas-liquid phase-change, the isothermal process and the adiabatic process in each phase. The estimating method proposed by Rapposelli et al. (8) is also adopted. The speed of sound in a gas-liquid two-phase flow of liquid nitrogen at 70 K, 74 K and 77 K is shown in Fig. 11 . It is clarified that the speed of sound in a gas-liquid two-phase flow is drastically depressed by a small increase in the void fraction and reaches a minimum value at about a 28 % void fraction at any temperature in this case. It is also determined that the speed of sound in a gas-liquid two-phase flow is depressed by decreasing the fluid temperature. The speed of sound with a 1 % gas void fraction estimated by Eq. 2 is shown as a solid curve in Fig. 3 . However, the void fraction which choking occurs at the nozzle throat is not necessary 1 % and the void fraction at the nozzle throat always fluctuates. Here, the void fraction is temporarily decided at 1 % in order to clarify the characteristics. The speed of sound calculated by Eq. 2 commutes to the volume flow rate by the cross sectional areas at the most restrictive point of the visualization nozzle in Fig. 3 . It is found that it is easy for the flow velocity to exceed the speed of sound with a 1 % gas void fraction below 76 K. This seems to indicate that a choking flow occurs in these experiments with a cavitation occurrence below 76 K. Therefore, the pressure oscillation observed in the upstream can be considered to be weak because the pressure oscillation induced by the bubble collapses cannot be transmitted from the downstream to the upstream through the choked nozzle. The pressure fluctuation of the middle frequency is caused by the variation of a gas void fraction at the throat of the visualization nozzle. The bubble cloud does not homogeneously occur at the wall of the nozzle and repeat the generation, growth and disappearance at the nozzle throat cycle. Moreover, the gas void fraction perpetually varies its distribution in the cross section. Therefore, the speed of sound in a gas-liquid two-phase flow constantly changes by the variation of the cross sectional average gas void fraction at the nozzle throat. As a result, the volumetric flow rate constrained by choking perpetually varies, and then a pressure oscillation in synchronization with the behavior of the bubble cloud occurs.
Amplitude characteristic of the pressure fluctuation on the fluid temperature
The low frequency component of the pressure fluctuation seems to be strongly affected by the flow conditions of the cavitation occurrence. The distribution of the peak value of the pressure fluctuation with the low pass filter measured in the upstream is plotted against the fluid temperature in Fig. 12 . Although the low frequency component of the pressure fluctuation measured with the piezoelectric sensor is similar to the static pressure, the static pressure measured through the long gas tube has a noise with a f = 5~10 Hz resonance frequency. Because it is difficult to separate the noise from the static pressure properly, a low pass filter is employed for the evaluation of the pressure fluctuation caused by choking. The result shows that the pressure fluctuation has large amplitude in the temperature range between 74 K and 76 K, but it does not indicate a significant value in the other temperature ranges.
It is expected that the pressure fluctuation caused by choking at the nozzle throat increases as the fluid temperature decreases because the speed of sound in a gas-liquid two-phase flow decreases and the required velocity for the cavitation inception increases with a decrease in the fluid temperature. However, the peak value of the pressure fluctuation in the upstream reaches a maximum in the temperature range between 74 K and 75 K where intermediate cavitation occurs. This tendency is believed to be caused by the cavitation hysteresis in addition to the difference between the speed of sound in a gas-liquid two-phase flow and the required velocity for the cavitation inception.
The inception of cavitation rarely occurs until the condition at the nozzle throat has a large super heat degree because of the lack of a bubble nucleus. This phenomenon is called cavitation hysteresis. The lack of a bubble nucleus depresses the possibility of the growth of a bubble nucleus of micro scale to a bubble of macro scale. The chain single-dashed curve shown in Fig. 3 represents the volumetric flow rate in the possible superheat limit proposed from the experimental results and the broken curve indicates the volumetric flow rate in the saturated vapor condition at the nozzle throat estimated by Bernoulli's equation without internal losses. The results show that the possible superheat degree before a cavitation occurrence reaches a maximum in the temperature range between 74 K and 76 K. Cavitation cannot occur in the saturated vapor condition at the nozzle throat, but it should disappear in the saturated vapor condition at the nozzle throat. Therefore, it can be assumed that the curve estimated by the possible superheat degree represents the required velocity for cavitation inception and the curve calculated by the saturated vapor condition represents the required velocity for cavitation conservation. In addition, the difference between the required velocities for cavitation inception and cavitation conservation defines the range of the cavitation hysteresis. The two required velocity curves intersect at 73 K and 76 K with the speed of sound in a gas-liquid two-phase flow estimated by Eq. 2.
The upstream pressure fluctuation is believed to be induced by the depression of the volumetric flow rate. Therefore, its maximum amplitude can be determined by the speed of sound in a gas-liquid two-phase flow, the required velocity of the cavitation inception and the required velocity of the cavitation conservation.
At temperatures above 76 K, the required velocity for cavitation inception is much smaller than the speed of sound in a gas-liquid two-phase flow, and the configured velocity in the experiments is also smaller than the speed of sound in a gas-liquid two-phase flow in some cases. Therefore, it is assumed that choking hardly occurs and the amplitude of the upstream pressure fluctuation does not so enlarge even if cavitation occurs.
Next, in the temperature range between 73 K and 76 K, the required velocity for cavitation inception becomes large and the speed of sound in a gas-liquid two-phase flow becomes small compared to those at temperatures above 76 K. Moreover, the range of the cavitation hysteresis widens. The volumetric flow rate is depressed by the speed of sound in a gas-liquid two-phase flow at a void fraction of more than 1% when the gas void fraction increases with the cavitation occurrence. Therefore, the peak value of the volumetric flow rate becomes large and its evolution becomes more drastic than those in the other temperature ranges. The pressure fluctuation in this temperature range increases because it has a large peak value due to the undershooting of the volumetric flow rate.
Finally, the required velocity for cavitation inception is slightly larger than the required velocity for cavitation conservation at temperatures below 73 K. Therefore, cavitation cannot keep occurring because the volumetric flow rate is drastically reduced to less than the required velocity for cavitation conservation by the depression of the speed of sound in a gas-liquid two-phase flow. The bubble cloud vanishes before it completes its growth. Thus, the upstream pressure fluctuation cannot reach its intrinsic maximum value and its amplitude results in the much smaller value than that in the temperature range between 73 K and 76 K.
Mechanism of the cavitation instability
The cause of the cavitation instability including the intermediate cavitation type in the temperature range between 73 K and 76 K and the intermittent cavitation type in the temperature range below 73 K is considered to be similar to that of the pressure fluctuation discussed in the previous paragraph.
For the continuous cavitation type case, the decrease in the volumetric flow rate is small and gradual with the occurrence of cavitation. The speed of sound in a gas-liquid two-phase flow and the configured velocity in the experiments are much larger than the required velocity for cavitation inception in this temperature range. Therefore, cavitation can keep occurring even if choking occurs at the nozzle throat.
For the intermediate cavitation case, the volumetric flow rate drastically decreases the occurrence of cavitation. The configured velocity in the experiments is much larger than the required velocity for cavitation inception and the speed of sound in a gas-liquid two-phase flow is slightly larger than that. Therefore, cavitation can keep occurring temporarily. However, the volumetric flow rate restricted by the speed of sound in a gas-liquid two-phase flow is close to the required velocity for cavitation conservation in this temperature range. Thus, any disturbances in the cavitating flow have the possibility stopping the cavitation.
Finally, for the intermittent cavitation case, the volumetric flow rate decreases drastically by choking at the nozzle throat with a cavitation occurrence. However, the required velocity for cavitation conservation is so close to the required velocity for cavitation inception that the cavitation vanishes before the bubble cloud completes its growth. Therefore, the peak amplitude of the volumetric flow rate and the upstream static pressure has a smaller value than the intrinsic value that is estimated from the difference between the volumetric flow rate and the speed of sound in a gas-liquid two-phase flow. Because cavitation cannot occur without a disturbance due to the lack of a bubble nucleus, cavitation occurrences become intermittent in this temperature range. Figure 3 shows the overlapped distribution of all behaviors between 73 K and 76 K. The behaviors of cavitating flows are considered to be varied gradually from the continuous type to the intermittent type because the speed of sound can be fluctuated by the fluctuation of the void fraction.
Conclusion
The experiments for cryogenic cavitating flows with liquid nitrogen passing through a converging-diverging nozzle in the subcooled condition are carried out to clarify the mechanism for cavitation instability. The following results were drawn from the experiments.
1. The cavitation behavior can be classified to three types: a continuous type, an intermediate type and an intermittent type.
2. The boundary of the cavitation behavior can be defined by the fluid temperature. In this experimental system, the boundaries are at 73 K and 76 K.
3. The boundary is affected by the intersection of the speed of sound in a gas-liquid two-phase flow with the required velocity for cavitation inception and cavitation conservation.
4. The cavitation instability of the intermediate type is caused by the proximity of the speed of sound and the required velocity for cavitation inception and the wideness of the cavitation hysteresis in this temperature range between 73 K and 76 K.
5. The cavitation instability of the intermittent type is caused by the deterioration of the speed of sound and the narrowness of the cavitation hysteresis at temperatures below 73 K.
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